The receptor tyrosine kinase Ror2 regulates cell migration by acting as a receptor or co-receptor for Wnt5a. Although Wnt5a has been implicated in the invasiveness of several types of tumors, the role of Ror2 in tumor invasion remains elusive. Here we show that osteosarcoma cell lines SaOS-2 and U2OS show invasive properties in vitro by activating Wnt5a/Ror2 signaling in a cell-autonomous manner. The suppressed expression of either Wnt5a or Ror2 in osteosarcoma cells inhibits cell invasiveness accompanying decreased invadopodia formation. Gene-expression profiling identified matrix metalloproteinase 13 (MMP-13) as one of the genes whose expression is downregulated in SaOS-2 cells following suppression of Ror2 expression. Reduced expression or activity of MMP-13 suppresses invasiveness of SaOS-2 cells. Moreover, expression of MMP-13 and cell invasiveness by Wnt5a/Ror2 signaling can be abrogated by an inhibitor of the Src-family protein tyrosine kinases (SFKs), suggesting the role of the SFKs in MMP-13 expression through Wnt5a/Ror2 signaling. We further show that activation of an SFK is inhibited by the suppressed expression of Ror2. Collectively, these results indicate that Wnt5a/Ror2 signaling involves the activation of a SFK, leading to MMP-13 expression, and that constitutively active Wnt5a/Ror2 signaling confers invasive properties on osteosarcoma cells in a cell-autonomous manner.
Introduction
Wnt proteins are 38-45 kDa secreted cysteine-rich proteins with modification of sugars and lipids, consisting of at least 19 members in mammals to date (Wodarz and Nusse, 1998) . It has been well established that Wnt proteins can elicit a b-catenin-dependent (canonical) and a b-catenin-independent (non-canonical) signaling pathways. The non-canonical Wnt signaling consists of at least Wnt/c-Jun N-terminal kinase (JNK) and Wnt/Ca 2 þ pathways that are supposed to have crucial functions in the regulation of cell migration and polarity. Wnt5a is a representative of Wnt protein that activates non-canonical Wnt signaling. As Wnt5a has been shown to inhibit canonical Wnt signaling, which is often activated in tumor cells, it has been envisaged that Wnt5a might act as a tumor suppressor. In fact, antisense Wnt5a mimics Wnt1-mediated transformation of mouse C57MG cells (Olson and Gibo, 1998) , and haploinsufficiency of Wnt5a is correlated with the development of B-cell lymphomas in mice (Liang et al., 2003) . Furthermore, it has been reported that Wnt5a inhibits cell growth, migration, and invasiveness of thyroid carcinoma cells and colorectal cancer cells (Dejmek et al., 2005; Kremenevskaja et al., 2005) . However, there are several lines of evidence indicating that sustained or increased Wnt5a expression is critically involved in various types of cancer (Iozzo et al., 1995; Weeraratna et al., 2002; Kurayoshi et al., 2006; Pukrop et al., 2006) . Thus, at present the roles of Wnt5a in human cancers are controversial, although this discrepancy may be attributable to differences in receptor context or cell context of cancer cells.
Ror2 is a member of the Ror-family of receptor tyrosine kinases and has essential functions in developmental morphogenesis (Takeuchi et al., 2000; Oishi et al., 2003) . Ror2 has been shown to act as a receptor or co-receptor for Wnt5a (Oishi et al., 2003; Mikels and Nusse, 2006; Nishita et al., 2006) . In fact, both Ror2-and Wnt5a-mutant mice showed similar skeletal, cardiovascular, genital and inner ear abnormalities that are caused at least partly by disrupted planar cell polarity and convergent extension movements during development (Qian et al., 2007; Yamamoto et al., 2008) . It has been shown that Ror2 mediates Wnt5a signaling by activating the Wnt/JNK pathway and inhibiting the b-catenin-TCF pathway (Oishi et al., 2003; Mikels and Nusse, 2006) . Studies using cultured mammalian cells show that Wnt5a promotes cell migration (Weeraratna et al., 2002; Kodama et al., 2004; Masckauchan et al., 2006) , and that Ror2 mediates Wnt5a-induced cell migration through its association with the actin-binding protein, filamin A (Nishita et al., 2006) . In addition, it has recently been reported that Wnt5a regulates cell polarity in cooperation with Par/Atypical protein kinase C pathway (Schlessinger et al., 2007) , and that Ror2 mediates Wnt5a-induced polarized cell migration by activating JNK through its association with filamin A (Nomachi et al., 2008) . The role of Wnt5a/Ror2 signaling in polarized cell migration has been further confirmed within the developing palate using in vitro organ culture assays (He et al., 2008) . Despite the accumulating evidence showing the crucial roles of Wnt5a/Ror2 signaling in polarized cell migration, it remains unknown whether or not Wnt5a/Ror2 signaling is involved in the tumor-cell motility and invasiveness.
Here we show by using human osteosarcoma cell lines, SaOS-2 and U2OS cells, that Wnt5a/Ror2 signaling, activated by constitutive expression of both Wnt5a and Ror2 in the cells, has critical functions in their enhanced invasiveness in vitro. This cell-autonomous activation of Wnt5a/Ror2 signaling results in remarkable extracellular matrix (ECM) degradation and invadopodia formation. Using DNA microarray analysis, we identify matrix metalloproteinase 13 (MMP-13) gene as one of genes whose expression is downregulated in SaOS-2 cells following suppressed expression of Ror2, indicating that expression of MMP-13 is induced by Wnt5a/Ror2 signaling in osteosarcoma cells. We indeed show that this induced expression of MMP-13 is important for ECM degradation and invadopodia formation by osteosarcoma cells. Interestingly, activation of a Src-family protein tyrosine kinase (SFK) is required for MMP-13 induction by Wnt5a/Ror2 signaling. Collectively, our present findings provide new insights into the roles of Wnt5a/Ror2 signaling in invasiveness of osteosarcoma cells.
Results and discussion
Non-canonical Wnt signaling mediated by Wnt5a/Ror2 is constitutively activated in human osteosarcoma SaOS-2 cells It has been established that Ror2 mediates Wnt5a-induced non-canonical Wnt signaling by inhibiting the b-catenin-TCF pathway and activating the JNK pathway, leading to cell migration (Mikels and Nusse, 2006; Nishita et al., 2006; Nomachi et al., 2008) . Although Wnt5a has been implicated in invasion and metastasis of several types of tumors (Iozzo et al., 1995; Weeraratna et al., 2002; Dejmek et al., 2005; Kremenevskaja et al., 2005; Kurayoshi et al., 2006; Pukrop et al., 2006) , the role of Wnt5a/Ror2 signaling in tumor invasion and metastasis remains elusive. To investigate the role of Wnt5a/Ror2 signaling in tumor invasion, a human osteosarcoma cell line, SaOS-2 cells, that shows invasive properties in vitro and metastasis in mouse models (in vivo) (Dass et al., 2006; Guo et al., 2008) , were mainly utilized in this study. It was found that expression of Wnt5a, Ror2 and Frizzleds (Fzd1-Fzd7) were clearly detectable in SaOS-2 cells (data not shown). We first examined the effects of suppressed expression of either Ror2 or Wnt5a on non-canonical Wnt signaling in SaOS-2 cells. Reduced expression of either Ror2 (Figure 1a) or Wnt5a (Figure 1b ) was detected within 3 days and sustained up to 7 days after transfection of the respective small interfering RNA (siRNA), which resulted in decreased phosphorylation of c-Jun, a substrate of JNK (Figure 1c) , as well as inhibition of cell migration as assessed using Transwell assay (Figures  1d and e) . Furthermore, suppressed expression of either Ror2 or Wnt5a resulted in the enhancement of the TopFlash reporter (TCF/LEF-driven luciferase reporter) activities (Figure 1f ) without affecting b-catenin levels ( Figure 1g ). The results indicate that noncanonical Wnt5a/Ror2 signaling is constitutively activated in SaOS-2 cells, thereby promoting JNK activity and cell migration, and inhibiting canonical Wnt signaling at the level of TCF-mediated transcription.
Wnt5a/Ror2 signaling is important for invasive properties of SaOS-2 cells We next examined the effects of suppressed expression of either Ror2 or Wnt5a on invasive properties of SaOS-2 cells. To this end, SaOS-2 cells, transfected with control siRNA #1, Ror2 siRNA #1 or Wnt5a siRNA, were subjected to in vitro invasion assay using matrigel, consisting of ECMs. As shown in Figures 2a-d , the proportions of invaded cells were significantly decreased by suppressed expression of Ror2 or Wnt5a compared with control siRNA transfection. To exclude a possibility of the off-target effects of siRNAs, siRNAs with different sequences for the identical target genes were utilized in the same Matrigel assay. As expected, like Ror2 siRNA #1, Ror2 siRNA #2 showed similar inhibitory effects on invasiveness of SaOS-2 cells compared with control siRNA #2 ( Supplementary  Figures 1a and 1b) , indicating that the effect of Ror2 siRNA#1 is indeed specific. Essentially identical results were obtained when another osteosarcoma cell line, U2OS cells were subjected to the same assay (Supplementary Figures 2a and b) , suggesting that invasive property induced by constitutively active of Wnt5a/ Ror2 signaling may be a common feature of osteosarcoma cells.
It has been reported that an invasion index, corrected for cell motility, indicates specific contribution of ECM degradation and is of use to evaluate invasiveness of tumor cells (Albini, 1998; Hoang et al., 2004) . In fact, significantly decreased invasion index was obtained when SaOS-2 cells were transfected with Ror2 siRNA #1 compared with control siRNA #1 transfection (Figure 2e ). in vitro cell invasiveness can be affected by several biological parameters: (1) growth rates of cells, (2) cell adhesiveness to ECM, (3) extents of ECM degradation and (4) the extents of cell migration. To examine the effects of Ror2 siRNA on growth rates of SaOS-2 cells, 3 days after transfection, cells were replated and the number of viable cells was counted after Role of Wnt5a/Ror2 in osteosarcoma invasiveness M Enomoto et al 1, 2 and 4 days (i.e., 4, 5 and 7 days after transfection), in culture conditions where expression of Ror2 was suppressed efficiently (Figure 1a ). The growth rates of SaOS-2 cells were unaffected by transfection with Ror2 siRNA #1 compared with control siRNA #1 transfection up to 2 days in culture (data not shown). Thus, our matrigel invasion and cell-migration assays were not affected by the difference of the growth rate, because these assays were carried out within one day. In addition, adhesiveness of SaOS-2 cells to Matrigel were also unaffected by transfection with Ror2 siRNA #1 compared with control siRNA #1 transfection ( Figure 2f ). The results showed that Wnt5a/Ror2 is important for invasiveness in SaOS-2 cells and led us to explore a possibility that ECM degradation might be involved in the invasive property.
Ror2 has important functions in ECM degradation and invadopodia formation by SaOS-2 cells
Invasive tumor cells form actin-rich protrusions, called invadopodia, that degrade and extend into ECMs (Bowden et al., 1999; Onodera et al., 2005; Weaver, 2006; Cortesio et al., 2008) . To evaluate the ability of invadopodia formation during in vitro invasion of SaOS-2 cells, Alexa-labeled gelatin (red) was utilized as ECM (see Materials and Methods). As shown in Figure 3a , dot-like ECM degradation (loss of red color) under the cell was observed (see arrowhead). Counter SaOS-2 cells were plated on matrigel-coated glass-bottom dishes and cultured for 8 h. The cells were fixed and stained with antibodies against Ror2 (green) and cortactin (red). Z-axis images sectioned along the line are shown (bottom panels). Bar, 10 mm. (c) SaOS-2 cells transfected with the indicated siRNAs were plated on glass-bottom dishes coated with Alexa-gelatin and cultured for 8 h. Cells in which dot-like degradation of Alexa-gelatin was observed were judged as invadopodia-positive cells and quantified. The data are expressed as the mean ± s.d. of three independent experiments. *Po0.05, t test. (d) SaOS-2 cells transfected with the indicated siRNAs and subsequently with pEYFP-actin were plated on matrigel-coated glass-bottom dishes. After 60 min, the cells were analyzed for 3 h by time-lapse fluorescence microscopy (Supplementary Videos 1 and 2). The rate of invadopodia formation was determined by monitoring the accumulating rate of YFP-actin. The data are expressed as the mean±s.d. of nine cells (ctrl siRNA #1) and seven cells (Ror2 siRNA #1). *Po0.05, t test. (e) SaOS-2 cells were transfected with either ctrl siRNA #2 or Ror2 siRNA #2. After 48 h in culture, the cells were further transfected with plasmids for GFP alone, mRor2-WT-GFP or mRor2-DK-GFP, as indicated. Whole-cell lysates from the respective transfected cells were analyzed by immunoblotting with antibodies against GFP and a-tubulin, respectively. (f) The respective transfected cells were plated on Alexa-gelatin-coated glass-bottom dishes and cultured for 8 h. GFP-positive cells with invadopodia were quantified as in Figure 3a . The data are expressed as the mean ± s.d. of three independent experiments. **Po0.01, t test. Role of Wnt5a/Ror2 in osteosarcoma invasiveness M Enomoto et al and anti-cortactin (red) antibodies. As shown, both Ror2 and cortactin were colocalized within the invadopodia at the bottom side of the cell as shown by the Z-axis image (Figure 3b ), suggesting a role of Ror2 in invadopodia formation.
To examine the role of Wnt5a/Ror2 signaling in invadopodia formation by SaOS-2 cells, we quantified cells under which any dot-like degradation of ECM was detected following siRNA-mediated suppression of Ror2 or Wnt5a. It was found that suppressed expression of either Ror2 or Wnt5a resulted in significant inhibition of ECM degradation (Figure 3c ), indicating the critical role of Wnt5a/Ror2 signaling in invadopodia formation. This result was further supported by the same experiment using siRNAs (control siRNA #2 and Ror2 siRNA #2) with different sequences for the identical target genes (Supplementary Figure 1c) . As the invadopodia are highly dynamic actin-rich structures, we next carried out the time-lapse analysis of invadopodia formation by using SaOS-2 cells, expressing yellow fluorescent protein (YFP)-actin (Cortesio et al., 2008) . The rate of invadopodia formation was determined by monitoring the accumulating rate of YFP-actin in them as previously described (Cortesio et al., 2008) . As shown, the rate of invadopodia formation was significantly inhibited by suppressed expression of Ror2 (Figure 3d ). However, duration of invadopodia was unaffected by suppressed expression of Ror2 (data not shown), suggesting that Ror2 has an important function in invadopodia formation, but fails to stabilize invadopodia.
Intrinsic kinase activity of Ror2 is required for invadopodia formation by Wnt5a/Ror2 signaling We have recently reported that an intrinsic tyrosine kinase activity of Ror2 is dispensable for Ror2-mediated filopodia formation and Wnt5a-induced cell migration (Nishita et al., 2006) . We therefore examined whether or not invadopodia formation by Ror2 requires its intrinsic kinase activity. For this purpose, Ror2 expression in SaOS-2 cells was first suppressed by transfection with Ror2 siRNA #2, and then GFP-tagged wild-type mouse Ror2 (mRor2-WT-GFP), dead-kinase mutant of mouse Ror2 (mRor2-DK-GFP) (Kani et al., 2004; Nishita et al., 2006) , or GFP alone were expressed in the Ror2-deficient SaOS-2 cells. As shown, both mRor2-WT-GFP and mRor2-DK-GFP are refractory to Ror2 siRNA #2 (see Supplementary Table 1 for sequence comparison), and their expression levels in the respective cells were comparable as assessed by anti-GFP immunoblotting ( Figure 3e ). As reported previously (Nishita et al., 2006) , expression of mRor2-WT-GFP or mRor2-DK-GFP resulted in drastic filopodia formation at comparable levels in SaOS-2 cells (Supplementary Figure 3) , however, remarkable invadopodia formation was restored in the Ror2-deficient SaOS-2 cells, expressing mRor2-WT-GFP, but not mRor2-DK-GFP (Figure 3f) , showing that the intrinsic tyrosine kinase activity of Ror2 is indispensable for invadopodia formation by Wnt5a/Ror2 signaling. At present, we failed to detect decreased tyrosine phosphorylation of Ror2 in the Ror2-deficient SaOS-2 cells expressing Ror2-DK-GFP compared with those expressing Ror2-WT-GFP (data not shown). Further detailed study will be required to clarify whether or not Ror2 is activated or tyrosine phosphorylated following Wnt5a stimulation.
MMP-13 is important for Ror2-mediated cell invasion and invadopodia formation On the basis of our findings that ECM degradation is enhanced by SaOS-2 cells through Wnt5a/Ror2 signaling, it can be assumed that a member(s) of MMPs is Figure 3c . The data are representative of two independent experiments, in which essentially identical results were obtained. The bars represent the means ± s.d. of triplicate experiments. *Po0.05, t test. (i) SaOS-2 cells were transfected with either ctrl siRNA #1 or Ror2 siRNA #1, as indicated. After 48 h in culture, the cells were further transfected with plasmids for MMP-13 or mock (pIRES2-ZeGreen1), as indicated. The respective transfected cells were plated on Alexa-gelatin-coated glass-bottom dishes and cultured for 8 h. ZeGreen1-positive cells were analyzed for the presence of invadopodia, and quantified as in Figure 3a . The bars represent the means±s.d. of triplicate experiments. **Po0.01, t test. (j) SaOS-2 cells were serum-starved for 12 h and plated on collagen-coated dishes in serum-free media. After a 1.5-2 h incubation to allow cell spreading, cells were stimulated with either Wnt5a (400 ng/ml) or vehicle for 6 h. The expression of MMP-13 and GAPDH mRNAs were analyzed by RT-PCR. (k) SaOS-2 cells cultured in serum-free medium for 12 h were plated on Alexa-gelatin-coated glass-bottom dishes in serum-free medium. After cells were allowed to attach and spread, cells were stimulated with Wnt5a (400 ng/ml) or vehicle in the presence or absence (control) of CL-82198 (50 mM). After 6 h in culture, cells with invadopodia were quantified as in Figure 3c . The data are expressed as the mean±s.d. of three independent experiments. *Po0.01, t test. Figure 1d ). Suppressed expression of Wnt5a also reduced the expression of MMP-13 (Figure 4c ), indicating that expression of MMP-13 is induced by Wnt5a/Ror2 signaling in SaOS-2 cells. Interestingly, expression of MMP-13 was also downregulated in U2OS cells transfected with Ror2 siRNA #1 over the control (U2OS cells transfected with control siRNA #1), suggesting that induction of MMP-13 expression may be a common feature of osteosarcoma cells (Supplementary Figure 2c ). We next examined whether or not MMP-13 is localized in the invadopodia of SaOS-2 cells. To this end, SaOS-2 cells, plated onto Matrigel, were stained with phalloidin (red, F-actin) and anti-MMP-13 antibody (green) (Figures 4d and e) . As shown, MMP-13 was localized within the invadopodia at the bottom side of the cell as revealed by the Z-axis image (Figure 4e ). We then examined the role of MMP-13 induced by Wnt5a/Ror2 signaling in invasiveness and invadopodia formation of SaOS-2 cells by using Matrigel invasion assay and analysis using Alexa-labeled gelatin, respectively. As shown in Figures 4f-h, both in vitro invasiveness and invadopodia formation of SaOS-2 cells were significantly inhibited by suppressed expression of MMP-13 with MMP-13 siRNA over the control (SaOS-2 cells transfected with control siRNA #1). Furthermore, ectopic expression of MMP-13 restored invadopodia formation in the Ror2-deficient SaOS-2 cells (Figure 4i ), indicating that MMP-13 expression induced by constitutively active Wnt5a/Ror2 signaling plays crucial roles in invasiveness and invadopodia formation (and ECM degradation) of SaOS-2 cells.
Thus far, we presented evidence showing the critical roles of Wnt5a/Ror2 signaling in cell invasiveness of SaOS-2 cells by suppressed expression of Ror2, Wnt5a, or MMP-13. Therefore, we next examined whether or not expression of MMP-13 can be induced following Wnt5a stimulation. For this purpose, SaOS-2 cells were serum-starved in a prolonged culture to reduce the basal activity of Wnt5a/Ror2 signaling, and then stimulated with or without purified recombinant Wnt5a. As shown in Figure 4j , expression of MMP-13 was induced upon stimulation of serum-starved SaOS-2 cells with recombinant Wnt5a as assessed by RT-PCR analysis. Moreover, invadopodia formation by serum-starved SaOS-2 cells were enhanced by Wnt5a stimulation, and this Wnt5a-induced enhancement was abrogated by the presence of a MMP-13 specific inhibitor, CL-82198 (Figure 4k ), further showing the critical roles of MMP-13, induced by Wnt5a/Ror2 signaling, in invasive properties of SaOS-2 cells.
Activation of an SFK is required for invadopodia formation by Wnt5a/Ror2 signaling through MMP-13 induction It has been well established that an SFK is involved in invadopodia formation (Weaver, 2006) . Therefore, we examined whether or not an SFK is involved in invasive properties of SaOS-2 cells by constitutively activated Wnt5a/Ror2 signaling. Among the members of the SFKs: Src, Yes, Fyn and Lyn but not Lck, Hck, c-Fgr nor Blk were apparently detected in SaOS-2 cells by immunoblotting (data not shown). We first examined the effects of suppressed expression of Ror2 on the activities of a member of the SFKs using anti-Src pY418 antibody that recognizes all of activated SFKs (Oneyama et al., 2008) . As shown in Figure 5a , anti-Src pY418 immunoblotting showed that activities of a member of the SFKs expressed in SaOS-2 cells were remarkably inhibited by suppressed expression of Ror2 when Figure 5 Activation of a Src-family protein tyrosine kinase SFK is required for invadopodia formation by Wnt5a/Ror2 signaling through matrix metalloproteinase (MMP)-13 induction. (a) SaOS-2 cells transfected with either ctrl siRNA #1 or Ror2 siRNA #1 were cultured in Dulbecco's Modified Eagle's Medium (DMEM) without serum for 12 h. Whole-cell lysates were analyzed by immunoblotting with the indicated antibodies. (b) Serum-starved SaOS-2 cells were plated on collagen-coated dishes. After cells were allowed to attach and spread, cells were cultured in the presence of PP3 (control, 2 mM) or PP2 (Src inhibitor, 2 mM) for 6 h. Total RNAs from the respective cells were isolated and subjected to RT-PCR analysis to monitor mRNA expression of MMP-13 and GAPDH. (c) SaOS-2 cells were cultured for 24 h with or without CL-82198 (50 mM). Whole-cell lysates were analyzed by immunoblotting with the indicated antibodies. (d) Serum-starved SaOS-2 cells were stimulated with Wnt5a (400 ng/ml) for the indicated periods. Whole-cell lysates from respective cells were analyzed by immunoblotting with the indicated antibodies. The histograms indicate the relative p-Src levels. (e) Serum-starved SaOS-2 cells transfected with either ctrl siRNA #1 or Ror2 siRNA #1 were stimulated with Wnt5a (400 ng/ml) or vehicle for 2 h. Whole-cell lysates were analyzed by immunoblotting with the indicated antibodies. The histograms indicate the relative p-Src levels. (f) Serum-starved SaOS-2 cells were plated on Alexa-gelatin-coated glass-bottom dishes. After cells were allowed to attach and spread, cells were stimulated with Wnt5a (400 ng/ml) or vehicle in the presence of PP3 (2 mM) or PP2 (2 mM). After 6 h in culture, cells with ECM-degrading invadopodia was quantified as in Figure 3c . The data are expressed as the mean±s.d. of three independent experiments. *Po0.05, t test. (g) Serum-starved SaOS-2 cells were plated on collagen-coated dishes. After cells were allowed to attach and spread, cells were stimulated with Wnt5a (400 ng/ml) or vehicle in the presence of PP3 (2 mM) or PP2 (2 mM). After 12 h in culture, total RNAs from respective cells were isolated and subjected to RT-PCR analysis to monitor mRNA expression of MMP-13 and GAPDH.
Role of Wnt5a/Ror2 in osteosarcoma invasiveness M Enomoto et al compared with control siRNA transfection, whereas the amounts of Src, Yes, Fyn and Lyn were unaltered in the presence or absence of Ror2. The results indicate that a member of the SFKs is activated by Wnt5a/Ror2 signaling in SaOS-2 cells. We next examined which members of SFKs were involved in Wnt5a/Ror2 signaling. With this respect, it should be noted that anti-Src immunoprecipitation followed by anti-Src pY418 immunoblotting showed that the extent of Src phosphorylation was reduced by suppressed expression of Ror2 (data not shown). Further study will be required to clarify this issue. We next investigated the role of a member of the SFKs in the induced expression of MMP-13 in SaOS-2 cells. As the identity of an SFK activated in SaOS-2 cells is currently unknown, we utilized a specific inhibitor of the SFKs, PP2. Interestingly, enhanced expression of MMP-13 in SaOS-2 cells were remarkably inhibited by PP2, but not PP3 (control compound for PP2) (Figure 5b ), indicating that an SFK is involved in the induction of MMP-13 by Wnt5a/Ror2 signaling. However, the amounts of an activated SFK and the respective SFKs (that is Src, Yes, Fyn or Lyn) were unaffected by the presence or absence of the MMP-13 inhibitor, CL-82198 (Figure 5c , data not shown). These results indicate that a SFK acts upstream in an MMP-13 induction pathway of Wnt5a/Ror2 signaling.
We also examined whether or not Wnt5a stimulation can induce the activation of a SFK in serumstarved SaOS-2 cells. As phosphorylation of the dishevelleds (Dvls) has been reported to be one of the early biochemical events following Wnt5a stimulation (Gonzalez-Sancho et al., 2004; Schulte et al., 2005) , we first monitored an electrophoretic mobility shift of Dvl-2 that reflects its phosphorylation during Wnt5a stimulation. Phosphorylation of Dvl-2 was clearly detectable within 30 min after Wnt5a stimulation and Dvl-2 was phosphorylated at maximal levels around 120 min after Wnt5a stimulation (Figure 5d ). This kinetics of Wnt5a-induced Dvl-2 phosphorylation is similar to those observed in other Wnt5a-responsive cultured cells (Nishita et al., unpublished data) . The apparent activation of an SFK was also detectable within 30 min after Wnt5a stimulation, and its activities increased thereafter as assessed by immunoblotting with anti-Src pY418 antibody (Figure 5d ). Furthermore, this Wnt5a-induced activation of an SFK was inhibited by suppressed expression of Ror2 (Figure 5e, Supplementary Figure 1e) , indicating that Wnt5a-induced activation of an SFK is indeed mediated by Ror2. The mechanism of Ror2-mediated activation of an SFK following Wnt5a stimulation of SaOS-2 cells remains elusive. With this respect, it has recently been reported that Src is recruited and activated by Ror2 following Wnt5a stimulation of chondrocytes, and that activated Src in turn phosphorylates Ror2 (Akbarzadeh et al., 2008) . Finally, we examined the effects of PP2 on invadopodia formation and MMP-13 induction following Wnt5a stimulation of serum-starved SaOS-2 cells. As shown, both invadopodia formation and MMP-13 expression induced by Wnt5a were abrogated by the presence of PP2, but not PP3 (Figures 5f and g ), further confirming the roles of an SFK in invadopodia formation and MMP-13 induction by Wnt5a/Ror2 signaling.
In conclusion, we have shown that Wnt5a/Ror2 signaling is constitutively activated in an osteosarcoma cell line, SaOS-2 cells, and that this constitutively active Wnt5a/Ror2 signaling confers some, if not all, of the invasive properties of osteosarcoma cells in a cellautonomous manner. SaOS-2 and U2OS osteosarcoma cells show remarkable ECM degradation and invadopodia formation by Wnt5a/Ror2 signaling that involves the activation of an SFK and subsequent expression of MMP-13 by an activated SFK. These findings shed light on our understanding of the roles of Wnt5a/Ror2 signaling in invasion of osteosarcoma cells at molecular levels. At present, it is unclear as to what extent our observed in vitro invasive properties of osteosarcoma cells are attributable to in vivo phenotypes of osteosarcoma cells. Further study will be required to clarify this issue. Nonetheless, our findings provide a cue to modulate invasion and metastasis of osteosarcoma cells in vivo by targeting components of Wnt5a/Ror2 signaling.
Materials and methods

Cells and transfection
SaOS-2 and U2OS cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM) (Nissui, Tokyo, Japan) containing 10% (v/v) fetal bovine serum (FBS) (BioWest, Nuaille´, France). As anti-Ror2 immunostaining of SaOS-2 cells showed heterogeneous expression levels of Ror2, a subclone of SaOS-2 cells that express Ror2 at an averaged level was obtained by limiting dilution. For siRNA transfection, GeneSilencer (GenLantis, San Diego, CA, USA) and Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) were used for SaOS-2 and U2OS cells, respectively, according to the manufacturers' instructions. For transient transfection of plasmids, Lipofectamine 2000 was used as described by Nishita et al. (2006) .
Plasmids and siRNAs
Plasmids for mRor2-WT-GFP and mRor2-DK-GFP were constructed as described by Nishita et al. (2006) . The fulllength cDNA for mouse MMP-13 was obtained from RIKEN Omics Center (Yokohama, Japan; accession no. AK152916) and subcloned into pIRES2-ZeGreen1 vector (Clontech, Mountain View, CA, USA). Plasmid for YFP-actin was kindly provided by K. Mizuno. The siRNA sequences used were: Ror2 siRNA #1, 5 0 -GCAA T G T GC T AG T G T ACGA TT-3 0 ; control siRNA #1, 5 0 -G T ACCGCACG T CA TT CG T A T C-3 0 (RNAi Co., Ltd, Tokyo, Japan); Ror2 siRNA #2, 5 0 -TAAAGGGTCGTTCGGATCCAGAACC-3 0 ; control siRNA #2, Medium GC Duplex 2 (Invitrogen); MMP-13 siRNA 5 0 -GATAACACCTTAGATGTCATT-3 0 (Sigma, St Louis, MO, USA). The Wnt5a siRNA was as described by Masckauchan et al. (2006) . An anti-Ror2 antibody was prepared as previously described by Kani et al. (2004) .
Immunoprecipitation and immunoblotting
Whole-cell lysates were prepared and subjected to immunoprecipitation and immunoblotting as previously described by Nishita et al. (2006) . The relative intensity of immunoblot signals was determined with ImageJ software.
Reporter assay
SaOS-2 cells were transfected with the respective siRNAs. Two days later, cells were transfected with TopFlash reporter construct containing TCF-responsive elements along with a renilla luciferase construct, and were further cultured for 24 h. Luciferase activities were measured using Dual-Luciferase Reporter Assay System (Promega, Madison, WI, USA) and Luminescencer JNR (Atto, Tokyo, Japan).
Cell-migration and matrigel-invasion assays SaOS-2 cells (2.5 Â 10 4 cells) were suspended in 100 ml DMEM containing 1% FBS. For cell-migration assay, the cells were loaded in the upper well of the Transwell chamber (8-mm pore size; Corning, Corning, NY, USA) that was pre-coated on both sides with 10 mg/ml fibronectin (Sigma). For invasion assay, the cells were loaded in the upper well of the Transwell chamber that was pre-coated with matrigel on an upper side of the chamber with the lower well filled with 600 ml of DMEM containing 10% FBS. The cells were incubated for 8 h (migration assay) or 24 h (invasion assay) (U2OS cells were incubated for 12 h (invasion assay)) and then the membranes were fixed in 3.7% formaldehyde. The evaluation of migrating or invasive cells was carried out as previously described (Hoang et al., 2004; Nishita et al., 2006 ). An invasion index was calculated as follows: (number of invasive cells per number of migrating cells) Â 100 (Albini, 1998; Hoang et al., 2004) .
Cell-adhesion assay SaOS-2 cells (300 cells per well) transfected with the respective siRNAs were plated onto 96-well plates pre-coated with Matrigel. After plating the cells for 5, 10, 30 and 60 min, unattached cells were removed and attached cells were counted.
Cell staining, ECM degradation assay and time-lapse analysis Cells cultured on coverslips or glass-bottom dishes (Matsunami, Osaka, Japan) were fixed and stained with the respective antibodies, rhodamine-phalloidin (Invitrogen) or Alexa 488-phalloidin (Cambrex Bio Science), as previously described (Nishita et al., 2006; Nomachi et al., 2008) . Fluorescent images were obtained using a laser scanning confocal imaging system (LSM510, Carl Zeiss, Go¨ttingen, Germany). For ECM degradation assay, glass-bottom dishes were coated with gelatin (Type A with 300 Bloom; Sigma) conjugated with Alexa 594 (Invitrogen) (Alexa-gelatin) and then treated with 0.5% glutaraldehyde, as described earlier (Bowden et al., 1999; Onodera et al., 2005) . Cells were cultured on these glassbottom dishes in DMEM, fixed and stained with anti-cortactin antibody or Alexa 488-phalloidin. Cells in which dot-like degradation of Alexa-gelatin was observed were judged as positive for invadopodia. For time-lapse analysis, SaOS-2 cells were treated with the respective siRNAs and subsequently transfected with pEYFP-actin plasmid. The cells were plated on glass-bottom dishes coated with five-fold diluted matrigel.
Fluorescent images of YFP-actin were collected from living cells at 37 1C every 3 min. Serial optical confocal z sections at the base of a cell were obtained and stacked at each time point.
ELISA
For quantification of MMP-13 secreted into culture media, SaOS-2 cells transfected with the respective siRNAs were cultured in DMEM without FBS for 24 h and their supernatants were concentrated by Microcon YM10 column (Millipore, Bedford, MA, USA). The amount of MMP-13 was determined by ELISA Biotrack System (GE Healthcare, Buckinghamshire, UK) and Spectrophotometer U-1900 (Hitachi, Tokyo, Japan), according to the manufacturers' instructions.
